Abstract: GHz radio astronomy has played a fundamental role in the recent dazzling discovery of GW170817, a neutron star (NS)-NS merger observed in both gravitational waves (GWs) and light at all wavelengths. Here we show how the expected progress in sensitivity of ground-based GW detectors over the next decade calls for U.S.-based GHz radio arrays to be improved beyond current levels. We discuss specifically how several new scientific opportunities would emerge in multi-messenger time-domain astrophysics if a next generation GHz radio facility with sensitivity and resolution 10× better than the current Jansky Very Large Array (VLA) were to work in tandem with ground-based GW detectors. These opportunities include probing the properties, structure, and size of relativistic jets and wide-angle ejecta from NS-NS mergers, as well as unraveling the physics of their progenitors via host galaxy studies.
Introduction
With the discovery of gravitational waves (GWs) from compact object mergers, a new window to the universe has been opened, providing an opportunity to make enormous gains in our understanding of some of the most exotic objects in the stellar graveyard -black holes (BHs) and neutron stars (NSs). During their first two observing runs (O1/O2), the advanced Laser Interferometer Gravitational wave Observatory (LIGO) and Virgo detected several BH-BH binaries (see e.g., [1] and references therein), as well as GW170817, a NS-NS merger accompanied by a γ-ray burst (GRB) plus an afterglow spanning all bands of the electromagnetic (EM) spectrum (see e.g., [2, 3, 4, 5, 6, 7, 8, 9, 10] ). The broad-band EM follow up of GW170817 was key to providing arsec localization and to probing different facets of the merger. While optical/IR observations revealed a kilonova and the merger as a site of r-process nucleosynthesis (see [11, 12] and references therein), radio and X-rays probed a completely different component, namely, a fast ejecta with slower wings observed at large angles (e.g., [13, 14, 15, 16, 17, 18] ). The Karl G. Jansky Very Large Array (VLA; [19] ), in particular, played a fundamental role in unveiling the relatively faint GHz counterpart of GW170817 [7] , and subsequently providing definitive evidence for the presence of a fast, structured jet launched after the merger [15, 17, 20] .
Here we discuss expectations for how GHz radio observations will continue to contribute to the new field of GW astronomy over the next decade. Ten years from now the network of groundbased GW detectors is projected to include Virgo operating at nominal advanced sensitivity, the two advanced LIGO detectors likely in their so-called "plus configuration" (which foresees up to a factor of ∼ 7 increase in volume of space surveyed; [21] ), the Kamioka Gravitational Wave Detector (KAGRA), and LIGO India [22] . This network of detectors will be identifying a large number of GW in-spirals and mergers in the local universe [21, 22] . We make the case that the projected increase in sensitivity of GW detectors over the next decade dramatically calls for an improvement in both sensitivity and spatial resolution on current U.S.-based GHz radio arrays. We support our case by discussing several avenues along which transformational results could be enabled if a facility with sensitivity and spatial resolution ≈ 10× better than the current VLA were to work in tandem with ground-based GW detectors:
1. Physics of NS-NS/NS-BH jets via radio continuum observations: The details of the physics behind relativistic jets produced in compact binary mergers -in particular, particle acceleration and dissipation mechanisms -are not well understood and have implications for a wide variety of astrophysical outflows including Active Galactic Nuclei (AGN) and X-ray Burst (XRB) jets. Rapid radio follow up of NS-NS (and NS-BH) mergers in the local universe will help elucidate the physics of these outflows.
2. Ejecta structure and magnetic fields via VLBI and radio polarimetry: Before the discovery of GW170817, we have studied relativistic jets produced in compact object mergers by relying largely on their highly beamed γ-ray emission (a.k.a. GRB) for discovery. Over the next decade, GW observatories will enable us to discover numerous NS-NS/NS-BH systems with off-axis jets (thus lacking a luminous γ-ray counterpart). By combining direct mapping (via VLBI) and radio polarimetry of off-axis jets, we can directly probe the distribution of ejecta speeds and the as-yet poorly understood configuration of their magnetic fields. These, in turn, are linked to open fundamental physics questions, such as the equation of state and magnetization of the merging compact objects. LEFT: Radio flux density as a function of time for an on-axis forward shock (blue), reverse shock (red), off-axis forward shock (green), and tidal ejecta component (cyan) for a short GRB from a NS-NS merger. We assume a mean n ISM = 0.005 cm −3 with a large spread (2.5 orders of magnitude), a mean energy of E = 10 51 erg, a mean redshift of 0.5. e and B are both drawn from a Gaussian with a mean of 0.1. For reference, an ngVLA would reach a 3σ sensitivity of ≈ 0.66 µJy in 1 hr at 8 GHz. RIGHT: Real part of the ngVLA visibility as a function of baseline for two models (isotropic and off-axis collimated fireballs at 150 days since explosion when the 2.4 GHz flux density is of order ≈ 100 µJy, comparable to the 3 GHz peak flux density of GW170817) compared to that of a uniform disk of 2 × 10 −3 arcsec diameter and total flux density of 100 µJy. We assume a 4 hr-long observation at a central frequency of 2.4 GHz with an ngVLA-like radio array which could reach a noise rms of ≈ 0.2 µJy at this frequency [23] . An ngVLA could directly resolve and distinguish different ejecta structures, something currently inaccessible to the VLA.
Host galaxies of NS-NS/NS-BH mergers:
With radio observations of the host galaxies of NS-NS/NS-BH mergers, we can map the galaxy star formation rates (SFRs), constrain the fraction of late-versus early-type galaxies and the star formation histories, measure the distribution of offsets of merger sites with respect to the host galaxy light, and ultimately help unravel formation scenarios for the progenitors of NS-NS/NS-BH systems.
In what follows we discuss the above scientific opportunities in more detail, assuming the astronomical community will have access to a next generation radio telescope, hereafter referred to as "next generation Very Large Array" (ngVLA), characterized by a nominal 10-fold improvement in both sensitivity and resolution over the current VLA [23, 24] . We note that a nominal next generation array such as the one discussed here would surpass the capabilities of facilities such as SKA1-MID [25, 26] in terms of angular resolution and sensitivity at cm and shorter wavelengths, and would complement strongly SKA1 and ALMA by providing enhanced sensitivity and resolution to pursue new scientific goals.
Physics of NS-NS/NS-BH jets
The long-term evolution of the radio afterglow of GW170817 has ultimately confirmed that short GRB-like jets can emerge successfully from NS-NS mergers, even though when misaligned with our line of sight (off-axis) they lack a bright, fast-decaying afterglow [15, 17, 18] . Overall, with only one off-axis NS-NS merger probed so far, the question of whether successful relativistic jets are formed in all binary NS mergers remains open. Answering this question is crucial to understanding whether short GRBs track the NS-NS merger rate, or if instead a larger variety of ejecta outcomes is possible in these mergers, including so-called "choked" jets (see e.g. [7, 8, 27] for a detailed discussion). Building a large sample of NS-NS/NS-BH mergers with well sampled radio counterparts is key to this end, but can only be accomplished with enough sensitivity in the GHz radio band (Figure 1, left) . Indeed, the radio afterglow of GW170817, with a GHz peak flux density of order ≈ 100 µJy, would quickly become undetectable with the current VLA if placed at the NS-NS distance horizon expected for near future runs of even just current GW detectors (∼ 120 Mpc; [22] ).
In the standard picture of a relativistic external blast wave [28] , the onset of the GRB afterglow occurs around the deceleration time -i.e. when the blast wave has swept up enough external material to decelerate. At that time, a reverse shock also crosses the shocked shell material giving rise to short-lived emission. The characteristic synchrotron frequencies of the afterglow spectrum (ν a , the self-absorption frequency, ν m , the frequency corresponding to the "minimum" characteristic electron energy, and ν c , the frequency at which an electron loses most of its energy to radiation), can constrain key explosion and environment parameters such as the total kinetic energy (E), the fraction of energy in the electric and magnetic fields ( e and B ), and the density of the external medium (n ISM ).
The radio band is crucial for pinning down these frequencies and understanding the physics behind relativistic outflows. As shown in Figure 1 (left), a facility like the ngVLA would give us the opportunity for the first time to catch the peak of the reverse shock emission (which remained unprobed in GW170817), breaking the degeneracies among the various physical parameters that determine GRB emission from NS-NS (and NS-BH) mergers. Specifically, radio observations from an ngVLA would distinguish between reverse and forward shock emission based on the time at which the radio band emission peaks. More detailed modeling of the time evolution of the radio emission would provide further detailed constraints on the jet physics and ISM properties, probing GW170817-like emission up to distances ≈ 3× larger than currently accessible with the VLA (which implies a 30× larger event rate; see [29] for a more detailed discussion).
NS-NS/NS-BH ejecta and magnetic field structure
Although continuum radio emission properties can constrain the angle under which we happen to be observing NS-NS/NS-BH jets (see previous Section), resolved imaging of the radio ejecta associated with NS-NS/NS-BH mergers using VLBI techniques represents the only direct way to map the speed distribution of merger ejecta, and distinguish unambiguously e.g. collimated relativistic fireballs observed off-axis from quasi-spherical relativistic ejecta [18, 27] . The radio image of NS-NS merger ejecta will generally depend on the details of the interaction of the fastest ejecta component with the slower, neutron-rich material, and several different outcomes are possible [27] . As demonstrated in the case of GW170817, off-axis collimated ejecta will appear to have a timedependent emission centroid increasingly offset from the location of the counterpart that one would measure at early times [18] . With an ngVLA with ∼ 30× longer baselines (∼ 1000 km) than the current VLA (plus potentially extended baselines to continental scales of ≈ 8860 km) one would not only be able to build an accurate map of the time evolution of such an offset over time, but also and more importantly resolve directly radio ejecta of NS-NS (and NS-BH) mergers as dim as GW170817 (≈ 100 µJy). This is demonstrated in the right panel of Figure 1 , where we show how an analysis of the radio visibility measured by an ngVLA as a function of baseline will distinguish off-axis collimated outflows from isotropic ones [23] .
Direct radio imaging, paired with radio polarimetry, can also provide a strong discriminant of ejecta geometry and magnetic field structure [30, 31, 32] . This is demonstrated in the left panel [30] . RIGHT: Expected amount of linearly polarized luminosity density at 3 GHz for a GW170817-like afterglow given the different degrees of linear polarization shown in the left panel. A radio array with the sensitivity of the ngVLA could probe above the dashed horizontal lines for mergers located at 40/120 Mpc. Thus, an ngVLA would be providing us with a detailed view of a large variety of ejecta and magnetic field structures, that are inaccessible to current radio facilities [23, 31] .
of Figure 2 , where we show how different magnetic field configurations within a NS-NS/NS-BH ejecta give rise to different degrees of linearly polarized radio emission, as predicted by [30] . Specifically, if the magnetic field is completely tangled in the plane of the shocked ejecta, a large degree of linear polarization should be observed and could be used as a smoking gun for the presence of a successful misaligned jet accompanying a large-angle outflow in a NS-NS merger. On the other hand, a quasi-spherical outflow that could result from a choked jet would produce linearly polarized radio emission at a much lower level. As evident from the right panel of Figure  2 , we need the sensitivity of an ngVLA to probe the time-dependent degree of linear polarization of GW170817-like radio counterparts up to d L ∼ 120 Mpc -the near future horizon distance for NS-NS mergers of ground-based GW detectors [22] .
Host Galaxies
Understanding the progenitors and formation channels of compact binary systems (i.e. how they actually form and evolve) requires the identification of host galaxies, and a detailed study of the merger environment. The distribution of merger timescales impacts the mix of early-and late-type hosts [33, 34] , and the level of correlation with (recent) star formation rather than with stellar mass alone (e.g., [35] ). With radio studies of both local NS-NS/NS-BH mergers (detected via GWs) and short GRBs at higher redshifts, we can build a consistent picture of the local and galactic environments in which mergers occur, taking into account the evolving galaxy population.
Radio continuum emission from galaxies traces the SFR during the last ∼ 50 − 100 Myr (e.g., [36] ), and could thus help track the connection between mergers and recent SFR. In fact, due to the age-dust-metallicity degeneracy, the optical/UV emission alone is an unreliable measure of SFR in dusty galaxies. Of course, radio measurements are subject to AGN contamination. That said, radio measurements have been demonstrated to be an important complementary tool to constrain the SFR in the past, for example for short GRB hosts (e.g., [37] ). [23] , extrapolated from the current sample of short GRB hosts (e.g., [38] ). An ngVLA will resolve most of these hosts (all of the ones located above the red dashed line), while more than half would be inaccessible to the current VLA (the latter would only be able to probe above the blue line).
Now with local NS-NS mergers discovered via GWs we can trace the immediate gas/environment also using single radio dishes such as the Green Bank Telescope (GBT). Indeed for NGC4993, the host galaxy of GW170817, a critical environmental measurement came from a nondetection of HI gas by the GBT [7] , which ruled out potentially obscured star formation, lending credence to the optical/NIR spectral energy distribution and host spectral modeling efforts [39, 40] . Studies of atomic gas with single-dish radio telescopes are thus complementary to investigations with interferometric arrays. Moreover, when phased with large single-dish telescopes, the sensitivity and resolution of radio arrays can be further improved. An ngVLA will be crucial to carry out resolved studies of compact binary merger hosts [41] , probing the presence or absence of a spatial association with star formation or stellar mass, and constraining the distribution of offsets of electromagnetic counterparts with respect to the host galaxy light (which maps natal kicks, e.g. [42, 43] ). Indeed, in Figure 3 we demonstrate how an ngVLA will resolve short GRB-like hosts within ≈ 120 Mpc.
We finally note that statistical associations between a population of GW events and potential host galaxies can also be leveraged for compact object mergers without confident electromagnetic counterparts (thus lacking an arcsec localization). In this respect, radio observations of host galaxies are likely to become relevant also in population studies of BH-BH mergers [44] .
Summary
If we are to truly exploit the multi-messenger nature of the universe's most energetic and exotic events, radio observations with an ngVLA (10-fold improvement in sensitivity and angular resolution compared to the current VLA) are necessary. Without a future facility like the ngVLA, current U.S.-based radio interferometric arrays would quickly become uncompetitive for enabling the radio follow-up of GW170817-like NS-NS mergers detected by increasingly sensitive ground-based GW detectors. Because GHz radio counterparts of NS-NS/NS-BH mergers uniquely probe the fastest merger outflow components, crucial information would be lost without radio observations. In contrast to X-ray wavelengths (which can also probe fast ejecta), radio emission is not strongly suppressed by viewing angle and relativistic beaming effects, and as such it represents a critical window of the electromagnetic spectrum for allowing us to map the diversity in ejecta structure of NS-NS/NS-BH mergers. Radio polarization can probe the structure of magnetic fields, something largely inaccessible to current interferometric radio arrays and key for constraining the equation of state and magnetization of the merging compact objects. Finally, as the sensitivity of ground-based GW detectors improves and more events are detected, an ngVLA would enable population studies of compact object mergers and their hosts, providing invaluable clues on how compact binary systems form and evolve, how often they merge, and what is the zoo of possible merger outcomes in relation to the properties of the merger environment.
